Nitrogen-doped carbon double-shell nanoparticles (NC DS-HNPs) were fabricated using SiO 2 /TiO 2 double-shell nanoparticles (ST DS-HNPs) and polydopamine-coating. The NC DS-HNPs have a high surface area of 873.52 m 2 g À1 and a pore volume of 2.86 cm 3 g À1 , which are favorable characteristics for supercapacitors. In addition, nitrogen doping induced pseudo-capacitance via the redox activity of the surface functionalities. A specific capacitance of 202 F g À1 was achieved for supercapacitors based on NC DS-HNPs at a current density of 0.5 A g
Introduction
Energy storage and conversion devices, including supercapacitors, solar cells, lithium-sulfur batteries, and fuel cells, have been developed due to increasing global pollution and energy resource shortages.
1-9 Among them, supercapacitors, which can rapidly store excess electrical energy, have been implemented in many elds including portable electronics, automobile airbags, and power back-up systems. 10 Supercapacitors have the advantages of high power density, short charging time, good stability, and ease of operation. 11, 12 Their performance depends upon the physical and chemical properties of the electrode materials. Materials with large surface areas and high conductivities improve the electrochemical performance.
5,13
Carbon-based materials such as graphene, 5 carbon nanobers, 11 carbon nanotubes, 13 carbon spheres, 14 and porous carbon 15, 16 have been studied as ecofriendly, low-cost materials for energy-related applications. Especially, nanoporous carbon materials offer large surface areas, unique structures, and high porosities, 16, 17 which have enhanced the performance of various devices, including supercapacitors, lithium-sulfur batteries, nanoreactors, and cathode materials for photovoltaics, as well as catalyst supports. [18] [19] [20] [21] [22] The development of carbon nanostructures is a route to new solutions for these applications.
Among carbon porous materials, hollow carbon nanoparticles are of particular interest due to their low densities, unique morphologies, and pore size distributions. 23 It is essential that the hollow carbon nanoparticles have well-dened, uniform structures. They are generally fabricated using a hard template method. 24, 25 The procedure involves coating a carbon precursor on a prepared solid core template, followed by carbonization and removal of the template. This method offers the advantage of uniform fabrication; however, it can be difficult to control the morphology. Moreover, the surface of the core solid template must be modied to ensure uniform carbon-source coating.
16
The development of new nanostructures with high surface areas using simple methods remains challenging.
Herein, we suggest a new strategy to fabricate well-dened nitrogen-doped carbon double-shell nanoparticles (NC DSHNPs) to increase the surface area for the same particle size and improve the conductivity. The NC DS-HNPs were fabricated by polydopamine-coating of SiO 2 /TiO 2 double-shell hollow nanoparticles (ST DS-HNPs), followed by carbonization and etching processes. In this double-shell structure, the robust nitrogen-doped carbon shells had higher surface areas and were nanoporous. Additionally, nitrogen doping enabled pseudo-capacitance by improving the charge mobility of the carbon shell. An NC DS-HNP-based supercapacitor exhibited a high specic capacitance of 202 F g À1 , attributed to the larger surface area and nitrogen doping. 4 OH solution under sonication to obtain ST DS-HNPs. The etched silica and titania were released into the solution and diffused from inside to the titania shell. The silica and titania species were condensed and re-deposited on the titania shell due to Ostwald ripening.
28 Scanning transmission electron microscopy-energy dispersive spectroscopy (STEM-EDS) was used to investigate the elemental distribution in the NC DS-HNPs; the elemental dot maps and line analyses are shown in Fig. 3 . Fig. 3a and S3b † show STEM and high-resolution TEM (HR-TEM) images of the NC DS-HNPs, revealing inner and outer shells with average diameters of 120 and 220 nm, respectively. The thicknesses of the inner and outer shells were about 20 and 30 nm, respectively. Fig. 3b -d display elemental dot maps of the NC DS-HNPs. In Fig. 3b , the overlapping elemental dot maps of the NC DSHNPs are seen as red dots on the green shells, demonstrating that the well-dened DS-HNPs consisted of a relatively large amount of carbon and a small amount of nitrogen. Fig. 3c and d show the carbon and nitrogen dot maps, respectively. The STEM-EDS line analysis shown in Fig. 3e indicates that the NC DS-HNPs had inner and outer shells containing carbon and nitrogen, and that the elements were uniformly distributed. The atomic ratio of carbon to nitrogen was 0.05 according to STEM-EDS analyses, which indicated that nitrogen was doped in the carbon shells.
The Brunauer-Emmett-Teller (BET) analyses of the NC SS, DS-HNPs and their equivalent Barrett-Joyner-Halenda (BJH) pore size distributions were used to evaluate the pore characteristics. Fig. 4a and b provide BET analyses of the NC SS-HNPs and NC DS-HNPs, respectively. Both had type-IV isotherms that indicated mesoporous characteristics and a large specic surface area. 29 Because the templates had mesoporous characteristics, nanopores in the nitrogen-doped carbon shell were generated during carbonization. From the pore characteristics in Table S1 X-ray photoelectron spectroscopy (XPS) was used to investigate the elemental chemical states and contents of the NC DSHNPs. Fig. 5a shows the survey spectra of the NC DS-HNPs, revealing the presence of C, O, and N. The carbon content in the NC DS-HNPs dominated; the atomic nitrogen concentration was 4.62%. This result was in good agreement with STEM-EDS observations. The presence of the O 1s peak in the survey spectrum of the NC DS-HNPs was attributed to partial surface oxidation.
1,30 Fig. 5b displays the high-resolution C 1s peak, which was deconvoluted into four components. The peaks at 284.5, 285.3, 285.27, and 288.61 eV were assigned to C]C, C-C, C-O and C]N, and C-O-C and C-N functional groups, respectively. 30, 31 The C]C conguration was the main C 1s peak, and was responsible for the good electrical properties. The nitrogen-doped carbon structure also improved the electrochemical properties.
32 The high-resolution N 1s peak was deconvoluted into the following four components: pyridinic N (398.22), pyrrolic or pyridonic N (399.47), quaternary N (400.74), and oxidized N (402.02 eV) as shown in Fig. 5c . 33, 34 The pyridinic and quaternary nitrogens comprised large portions of the N 1s peak; these groups are more electrocatalytically active than the others. 35 The pyridinic N atoms were located at the edge of the carbon plane, and the quaternary N atoms were bonded to three carbon atoms within the carbon plane. The nitrogen functional groups provide chemically active sites to improve the electrochemical properties of supercapacitors. Hence, carbonization of PD would be a good approach to introduce chemically active sites into carbon materials.
To further investigate properties of NC DS-HNPs, the electrochemical performance of the NC DS-HNPs was measured by cyclic voltammetry and galvanostatic charge-discharge tests in a three-electrode cell in 1 M H 2 SO 4 solution. The NC DS-HNPs based supercapacitor has a larger curve, indicating a higher capacitance due to high surface area and pore volume. The galvanostatic charge-discharge curve also reects higher capacitance of the NC DS-HNPs based supercapacitor than the NC SS-HNPs (Fig. S5b †) . The pseudocapacitive behavior over a wide voltage was attributed to a faradaic redox reaction of the nitrogen dopants. 41 Nitrogen doping in carbon materials improve supercapacitive performance via participation in a pseudo-capacitance reaction enabled by enhanced electrolyte wettability and electrical conductivity.
42,43
To investigate electrolyte wettability of nitrogen doped carbon, the water contact angle of carbon based lms were measured (Fig. S6 †) . The control of NC DS-HNPs lm was carbon black lm which had no heteroatom. The contact angle of NC DSHNPs lm was smaller than that of carbon black lm. This result indicated the nitrogen doping increased the electrolyte wettability. Furthermore, the porous nanostructures and high surface area of the hollow structure also enhances supercapacitive performance. The nanopores in the nitrogen-doped carbon double-shell allow greater absorption of electrolyte ions, increasing the capacitance. Fig. 6a show CV curves of NC DS-HNPs based supercapacitor with different scan rates. The CV curves retained quasi-rectangular shape from 5 to 100 mV s À1 , revealing good rate electrochemical performance. Fig. 6b shows the galvanostatic charge-discharge curves of the NC DS-HNPs; the nonlinearity indicates pseudo-capacitive behavior. 1 The specic capacitance approached 202 F g À1 at a current density of 0.5 A g À1 , and the capacitance retention was 75% in 1 M H 2 SO 4 solution at a current density ranging from 0.5 to 10 A g À1 .
Excellent retention is important for applications with a high discharge-recharge rate. Table 1 displays the capacitance of Ndoped carbon materials reported in literatures. The NC DSHNPs based supercapacitor had relatively high capacitance. Fig. 6c shows the electrochemical impedance spectroscopy (EIS) results over a frequency ranging from 0.01 Hz to 0.1 MHz; the inset shows the high-frequency data. The Nyquist plot was semicircular at high frequencies and a straight line at low frequencies. The intercept at the start of the semicircle and the size of the semicircle correspond to the series resistance and the charge transfer resistance at the interface between the electrode and electrolyte, which were 1.1 and 1.45 U, respectively. The small resistances indicated favorable charge-transfer kinetics for the NC DS-HNPs electrode. Fig. 6d indicates that NC SSHNPs and NC DS-HNPs based electrodes were electrochemically stable with only 9% and 7% loss in specic capacitance aer 5000 cycles at a current density of 1 A g À1 , respectively. The NC DS-HNPs based electrode was more stable than the NC SSHNPs based one. The excellent capacitance retention indicated a robust structure over the charge-discharge process. 
Conclusions
Summarizing, we successfully designed uniquely structured NC DS-HNPs using a straightforward approach. These nanoparticles were fabricated via polymerization of dopamine onto ST DS-HNPs, followed by carbonization and etching. The morphology of the nitrogen-doped carbon was decided by controlling the number of template shells. The incorporation of nitrogen led to increased electrolyte wettability, good electrical conductivity and pseudo-capacitance. The high surface area of the NC DS-HNPs resulted in a high specic capacitance of 202 F g À1 at current density of 0.5 A g À1 . The robust structure of an NC DS-HNPs electrode enabled good cyclic stability (93% capacitance retention aer 5000 cycles). This technique of fabricating well-dened carbon hollow structures will assist in the development of other novel porous materials.
Experimental section

Fabrication of NC DS-HNPs
The SiO 2 /TiO 2 double-shell nanoparticles (ST DS-HNPs) template was prepared as reported previously. 26, 27 The ST DSHNPs (200 mg) were dispersed in 300 mL of H 2 O using sonication. Dopamine (180 mg) and Tris (100 mg) were added to the prepared solution and stirred for 24 h. The polydopamine (PD)-coated template was collected by centrifugation. The PD-coated ST DS-HNPs were then heated under a ow of argon gas at 800 C for 2 h to carbonize PD. The template was removed by dilute HF acid solution over 6 h to yield nitrogen-doped carbon double-shell nanoparticles (NC DS-HNPs). Following etching, the nal products were isolated by centrifugation and then washed and dried in a vacuum oven.
Electrochemical measurements
A NC DS-HNP-based electrode for a supercapacitor was prepared as follows. A mixture of 0.05 g of the NC DS-HNPs and 0.5 mg of poly(vinylidene uoride) (PVDF) as a binder were dissolved in N-methyl-pyrrolidone to form a paste. Then, the ). Galvanostatic charge-discharge analyses were carried out over the range of 0 to 1.0 V at various current densities (0.5-10 A g À1 ). The galvanostatic charge-discharge test at a current density of 1 A g À1 over 5000 cycles was used as an indication of the stability. Electrochemical impedance spectroscopy (EIS) spectra were recorded from 0.01 Hz to 0.1 MHz using a Zahmer Elektrik IM6 analyzer.
Characterization
Transmission electron microscopy (TEM) and eld-effect scanning electron microscopy (FE-SEM) images were obtained using JEOL JEM-200CX and JEOL JSM6700-F instruments. The electron energy loss spectroscopy mapping and scanning transmission electron microscopy-energy dispersive spectroscopy (STEM-EDS) line analyses were performed using a JEOL JEM-2100F instrument. X-ray photoelectron spectroscopy (XPS) measurements were carried out with an AXIS-his instrument. The Brunauer-Emmett-Teller (BET) surface area measurements and Barrett-Joyner-Halenda (BJH) pore-size distributions were obtained using an ASAP 2010 instrument. Water contact angle measurement was performed by an SDLab-200TEZD goniometer (Femtofab, Korea). Supplementary calculations: the specic capacitance (C s ) of a working electrode is dened as the capacitance per unit mass of one electrode. The specic capacitance is given by
where C electrode is the capacitance of the electrode materials in the three-electrode cell system and m is the mass of the materials in the active area. For galvanostatic charge-discharge measurements, the specic capacitance is determined as follows:
where I is the discharge current, DV is the voltage difference of the discharge, and Dt is the discharge time. 
